Four cDNAs for spermidine synthase (SPDS), which converts the diamine putrescine to the higher polyamine spermidine using decarboxylated 5-adenosyImethionine as the co-factor, were isolated from Nicotiana sylvestris, Hyoscyamus niger, and Arabidopsis thaliana. When the N. sylvestris SPDS cDNA was expressed in a SPDS-deficient E. coli mutant, the recombinant protein showed high SPDS activity, but did not have any spermine synthase activity. The plant SPDSs have molecular masses of about 34 kDa, possess the co-factor binding motifs which have been proposed for S-adenosylmethionine, and are more homologous in amino acid sequence to tobacco putrescine Nmethyltransferase (PMT) than to SPDSs from mammals and E. coli. The SPDS gene is expressed in root, stem, and leaf in N. sylvestris, whereas the PMT gene is expressed only in root. The potential evolution of plant SPDS and PMT, and their evolutionary relationships with animal SPDS are discussed.
Sawhney 1990, Walden et al. 1997) . The application of exogenous polyamines also suggests similar functions in these processes , but direct evidence for polyamine function requires the manipulation of endogenous polyamine levels by mutation or genetic engineering.
Putrescine is formed either from ornithine by ornithine decarboxylase (ODC), or from arginine by arginine decarboxylase (ADC) and subsequent enzymes (Fig. 1) . Spermidine synthase (SPDS, EC 2.5.1.16; also called putrescine aminopropyltransferase) transfers the aminopropyl group of decarboxylated S-adenosylmethionine (dcSAM) to putrescine, producing spermidine. Spermine is similarly synthesized from spermidine by another enzyme, spermine synthase. dcSAM is formed from S-adenosylmethionine by S-adenosylmethionine decarboxylase (SAMDC). E. coli mutants lacking SPDS and SAMDC produce putrescine but have no spermidine and spermine; these mutants show only a small decrease in growth rate, but are markedly sensitive to paraquat which produces superoxide (Minton et al. 1990 ). Budding yeast mutants that synthesize putrescine but no spermidine and spermine because of a deletion in the SAMDC gene, do not grow under aerobic conditions (Balasundaram et al. 1991) . They show decreased translational fidelity (Balasundaram et al. 1994) , and are very sensitive to elevated temperatures (Balasundaram et al. 1996) . These studies with microorganisms demonstrate that spermidine and/or spermine are essential for proper cellular functioning under stress.
The cDNAs for ADC, ODC, and SAMDC have recently been cloned from several plant species, but the molecular cloning of the plant SPDS and spermine synthase genes has yet to be reported (Kumar et al. 1997) . Overexpression of ADC, ODC, or SAMDC in tobacco or carrot generally resulted in increased levels of putrescine and spermidine, and also produced considerable changes in plant development and morphogenesis (Masgrau et al. 1997 , Bastola and Minocha 1995 , Noh and Minocha 1994 . Suppression of the endogenous SAMDC level in potato by antisense technology produced stunted plants, with a concomitant decrease in all three polyamines and an increase in ethylene formation (Kumar et al. 1996) . To understand the regulation of spermidine biosynthesis and to manipulate the level of spermidine (and spermine) separately from that of putrescine, the molecular cloning of plant SPDS genes is necessary. We report here the cloning of SPDS cDNAs from three plant species. The identity of the clones was established by expressing one of the cDNAs in E. coli and measuring the SPDS activity in cell extracts.
Materials and Methods
cDNA cloning-A partial Nicotiana sylvestris SPDS cDNA was obtained by RT-PCR. Total RNA was extracted from leaf and root of N. sylvestris according to standard procedures (Ausubel et al. 1987) . One microgram of total RNA was used to synthesize first-strand cDNA with an AMV Reverse Transcriptase First-strand cDNA Synthesis Kit (Life Sciences, Inc.). Aliquots of leaf and root cDNAs were individually amplified by PCR. PCR reaction mixtures contained 10 ng each of two degenerate primers, 6 ng of first-strand cDNA, 0.2 mM dNTP, and 5 U of Ex Taq DNA polymerase (Takara). Reaction mixtures were incubated in a thermocycler (Perkin-Elmer Model 9600) for 3 min at 94°C, followed by 30 cycles of 1 min at 94°C, 1 min at 60°C, and 30 s at 72°C, and finally a 10-min incubation at 72°C. The PCR primers
CCA, where I denotes inosine) represent two peptide sequences found in tobacco putrescine N-methyltransferase (PMT) at the regions with homology to human and mouse SPDS amino acid sequences (Hibi et al. 1994) . The amplified products of approximately 550 bp were fractionated on a 0.8% agarose gel, extracted from the gel using a Geneclean kit (Bio 101), and then amplified again under the same PCR conditions. The second PCR products were purified using a QIAquick PCR purification kit (Qiagen), and subcloned into the pGEM-T vector (Promega). Restriction digestion of these recombinant plasmids with Pstl and Sphl showed that all clones from leaf RNA gave three DNA fragments of 3.0 kb (corresponding to the vector), 0.4 kb, and 0.2 kb, whereas most clones from root RNA gave two DNA fragments of 3.0 kb, and 0.6 kb. Representative clones from the two groups were sequenced using a DyeDeoxy Terminator Cycle Sequence Kit (Applied Biosystems). The sequence of the root cDNA matched almost exactly the tobacco PMT cDNA sequence (NtPMT cDNA; Hibi et al. 1994) , while the leaf cDNA encoded a polypeptide which was more homologous than tobacco PMT to mammalian SPDSs. The leaf cDNA fragment was then 32 P-labeled by random hexamer priming, and used to screen a leaf cDNA library of N. sylvestris (vector AgtlO; kindly provided by Prof. M. Sugiura, Nagoya University). Filter preparation, hybridization, and high-stringency washing were done as reported (Sambrook et al. 1989 , Hibi et al. 1994 . After screening 500,000 plaques, ten positive clones were obtained. The cDNA inserts from these phage clones were excised and subcloned into the EcoKl site of pBluescript II. The two longest cDNA inserts were partially sequenced, and were found to be identical. Therefore, only one of the cDNAs was completely sequenced, and designated as NsSPDS cDNA.
Hyoscyamus niger SPDS cDNAs were fortuitously obtained during the screening for H. niger PMT cDNA clones (reported elsewhere in detail). Screening of a cDNA library made from root cultures of H. niger with a full-length tobacco PMT cDNA as the probe resulted in four PMT clones, and two distinct SPDS clones.
RNA blot analysis-Total RNA (15 >ug) was separated by electrophoresis on 1.2% formaldehyde agarose gel, and blotted onto a Hybond-N membrane (Amersham). The blot was first hybridized with a radiolabeled NsSPDS cDNA fragment (534 bp; from 163 to 696 in the NsSPDS cDNA), which had been amplified from the NsSPDS cDNA using the above PCR primers, in 50% formamide, 5 x SSC, 20 mM sodium phosphate, 5 mM EDTA, 0.1% SDS, and 100 jug ml" 1 sonicated salmon sperm DNA at 42°C for 16 h and then washed twice with 2 x SSC, 0.1% SDS at room temperature and twice with 0.1 x SSC, 0.1% SDS at 55°C for 1 h. The probe was stripped off the membrane, prior to rehybridizing with a radiolabeled NtPMT cDNA under the same conditions described above.
Expression in E. coli-An Ncol site was introduced at the first ATG of the NsSPDS cDNA by PCR mutagenesiss. The 5-half of the NsSPDS cDNA was amplified using the two primers (5-CAACAAGAAGCCATGGAAGC, and 5'-GATTCACACG-TGGATCCTCG; Ncol and BamHl sites are underlined), cloned into pGEM-T using a PCR cloning kit (Promega) to give pGEM-5'SPDS, and sequenced to verify that unintentional mutations were not introduced. A full-length SPDS cDNA was subcloned into pTVl 19N (Takara) at the £coRI site so that the 3-end of the cDNA faced the BamHl site in the vector. The 3-half of the NsSPDS cDNA was then excised as a BamHl fragment, and ligated into the BamHl site of pGEM-5'SPDS to reconstitute the full-length SPDS cDNA. The Ncol-EcoKl fragment containing the NsSPDS cDNA was ultimately cloned into pRSET-N to give pRSET-SPDS. pRSET-N is a derivative of pRSET-C (Novagen) that contains the multicloning site: BamHl-Ncol-BamHl-KpnlEcoKl, and expresses a fusion protein to a polyhistidine metalbinding domain (Hashimoto, reported elsewhere).
As an expression host, E.coli strain H155\(l\.\%AspeED), in which most of the SPDS and SAMDC genes were deleted (Xie et al. 1993) , was used. ADE3 prophage was integrated site-specifically into the HT551 chromosome using a ADE3 lysogenization kit (Novagen), such that the lysogenized host HT551(ADE3) expresses cloned target genes under the control of the T7 promoter. pRSET-SPDS and pRSET-N were introduced into HT551(ADE3), and the recombinant bacteria were cultured in LB medium containing 50 ng ml" 1 ampicillin at 37°C until the OD^o of the culture reached 0.6, whereupon IPTG was added to the medium of a final concentration of 1 mM. After incubation at 16°C for 16 h, bacterial cells were harvested by centrifugation, suspended in 50 mM potassium phosphate buffer (pH 7.0) containing 5 mM DTT and 1 n% ml"' lysozyme, incubated at 30°C for 15 min, and then ruptured by three cycles of freeze/thaw treatment and sonication for 1 min. After centrifugation of the homogenate, protein in the supernatant was precipitated by ammonium sulfate at 80% saturation, dissolved in 20 mM Tris-HCl buffer (pH 8.0) containing 1 mM DTT, and passed through a PD-10 gel-filtration column (Pharmacia).
In another set of experiments, the crude ammonium sulfate protein pellet was resuspended in 20 mM phosphate buffer (pH 7.4) containing 10 mM imidazole, 5 mM DTT and 1 //g ml" 1 lysozyme, and loaded on a 1 ml chelating column (HiTrap Chelating; Pharmacia). The column was washed extensively with binding buffer containing 20 mM imidazole, and proteins were subsequently eluted with a series of elution buffers containing 50 mM, 300 mM, and 500 mM imidazole, respectively. The presence of the His-tag/NsSPDS protein in the eluate fraction was confirmed by SDS-PAGE, and the second fraction (1 ml) in the 300 mM imidazole elution was desalted by passing through a PD-10 gel-filtration column (Pharmacia). Proteins in each fraction were separated by SDS-PAGE on a 12.5% gel, and stained with Coomassie Brilliant Blue R-250.
Enzyme assay-SPDS was assayed by measuring the formation of spermidine. The assay mixture contained 60 mM putrescine, 40 mM dcSAM, 100 mM Tris-HCl buffer (pH 9.0), and the enzyme in a total volume of 50 fA-The dcSAM co-factor (kindly provided by Dr. A. Shirahata, Jyo-sai University) was the sulfonium salt containing about 50% enzymatically active [S] isomer. The reaction was performed at 37 C C for 30 min, and stopped by the addition of 200//I of 65 mM borate-KOH buffer (pH 10.5) and 150/il of 0.54% dansylchloride in acetonitrile. The mixture was incubated at 56°C for 15 min in the dark, and, after centrifugation, directly analyzed by HPLC on an ODS-AM column (5-//m particle size, 150 x 6.0 mm I.D.; YMC Co., Kyoto, Japan) with acetonitrile: 2% phosphate buffer (pH 5.2) (73 : 27; v/v) at a flow rate of 1 ml min" 1 at 40°C. Excitation at 365 nm and emission at 510 nm were used for detection of dansylated polyamines. One kat of SPDS activity was defined as the amount (mol) of spermidne formed per second.
PMT and spermine synthase were assayed similarly by replacing dcSAM with 20 mM SAM, and putrescine with 60 mM spermidine, respectively.
Results
Molecular cloning of plant SPDSs-A pair of degenerate PCR primers was designed based on the conserved amino acid sequences between E. coli SPDS (Tabor and Tabor 1987) , human SPDS (Wahlfors et al. 1990 ), mouse SPDS (Myohanen et al. 1994) , and tobacco PMT (Hibi et al. 1994) . cDNAs were amplified with this primer pair using reverse-transcribed total RNA from leaf and root of N. sylvestris as templates. The 0.55 kb PCR products from leaf and root RNA were different; the root cDNA had almost the same sequence as the corresponding region in the tobacco PMT cDNA (Hibi et al. 1994) , while the leaf cDNA encoded a polypeptide that was more homologous than tobacco PMT to mammalian SPDSs. This SPDS-like PCR fragment from leaf was used as a probe to screen a leaf cDNA library of N. sylvestris, and a full-length NsSPDS cDNA clone was obtained.
During screening of a root cDNA library from H. niger with the tobacco PMT cDNA probe, we isolated two cDNA clones having amino acid sequences more homologous to NsSPDS than to tobacco PMT. These cDNAs were designated as HnSPDSl and HnSPDS2. Subsequent searches of the Arabidopsis thaliana database identified an expressed sequence tag (66E10T7) with high homology to NsSPDS, HnSPDSl, andHnSPDS2. ThecDNA, AtSPDS, corresponding to the EST was fully sequenced, and found to lack the 5'-end of the predicted full-length cDNA and the initiation ATG.
Expression of NsSPDS in E. coli-To verify the enzymatic function of the gene products, NsSPDS was expressed as a His-tag fusion protein in an E. coli deletion mutant HT551 lacking the SPDS gene (Tabor and Tabor 1987) . The bacterial strains containing the NsSPDS expression vector or the empty vector were induced with IPTG, and the crude protein extracts analyzed for SPDS activity by HPLC (Fig. 2) . The protein extracts from the original HT551 strain (not shown) and the strain transformed with the empty expression vector did not show any SPDS activity. The extract from the NsSPDS-expressing bacteria, however, had strong SPDS activity (0.22pkat^g total protein"'). The His-tag/NsSPDS fusion protein (38.7 kDa) was recovered mainly from the soluble fraction, and puri- Fig. 1 Biosynthesis of polyamines and plant alkaloids derived from putrescine. Spermidine is synthesized from putrescine by SPDS which requires dcSAM as a co-factor, whereas in several plants PMT transfers the methyl moiety of SAM to putrescine in the biosynthesis of nicotine and tropane alkaloids. Spermidine is further metabolized to spermine by spermine synthase. The groups transferred from the co-factors to putrescine are shaded. An empty vector or pNsSPDS which expresses the N. sylvestris SPDS cDNA was introduced into E. coli strain HT551, and after IPTG induction the crude enzyme extract was assayed for SPDS activity. The SPDS activity is shown by the appearance of a dansylated spermidine peak at 8.1 min.
fled by metal affinity chromatography to near homogeneity (Fig. 3) . The purified fusion protein still showed high SPDS activity, but did not show either spermine synthase nor PMT activity.
Amino acid sequences of plant SPDSs-The amino acid sequences of NsSPDS, HnSPDSl, HnSPDS2 and AtSPDS as deduced from their nucleotide sequences, E. coli SPDS, human SPDS, mouse SPDS, and tobacco PMT are aligned in Fig. 4 . The expected molecular masses of NsSPDS, HnSPDSl, and HnSPDS2 are 34.5 kDa, 34.6 kDa, and 33.9 kDa, respectively. All cloned SPDSs have from 288 to 315 amino acid residues; whereas tobacco PMT is much larger due to the TV-terminal extension specific to this enzyme. Except for this TV-terminal extension, tobacco PMT and plant SPDSs are highly homologous. Amino acid identity between PMT and plant SPDSs ranges between 64-68%, identity among plant SPDSs 77-93%, and identity between plant SPDSs and mammalian SPDSs 47-50%. SAM-or dcSAM-binding regions (Motif I, II, III and V, using the nomenclature of C-5-cytosine DNA methyltransferases; Posfai et al. 1989 ) are found in all sequences, based on the proposed SAM-recognizing amino acid residues (Schluckebier et al. 1995) . No organellar targetting sequences were found within the plant SPDS sequences, indicating that plant SPDSs, like other SPDSs, are cytoplasmic enzymes. Closer examination identified 11 amino acid residues that are strictly conserved among all SPDSs, but are different in tobacco PMT (indicated by asterisks in Fig. 4) ; Val52, Arg58, Asp59, Glu60, Asp88, Arg93, Val95, His98, VallOl, Glyl26, and Phe233 (according to the amino acid numbering for E. coli SPDS) in the SPDSs are changed to Alal36, Asnl42, Glyl43, Glyl44, Ilel72, Phel77, Metl79, Tyrl82, Ilel85, Asn211, and 
Tyr318 in PMT.
BLAST searches of the GenBank database with the above SPDS sequences as queries found several SPDS homologs from various organisms, including Saccharomyces cerevisiae (Accession No. U27519), S.pombe (Z984208), Bacillus subtilis (Z80360), Methanococcus jannashii (U67486), and Datura stramonium (Y08252, Y08253).
Expression of NsSPDS-The expression pattern of SPDS and PMT was studied in TV. sylvestris by RNA blot analysis (Fig. 5) . The SPDS gene(s) is expressed in root, stem, and leaf at approximately equal levels; whereas, the PMT gene(s) is only expressed in root. This analysis also shows that the SPDS probe did not cross-hybridize with the PMT mRNA under the investigated conditions.
Discussion
We have successfully cloned SPDS cDNAs from three plant species; N. sylvestris, H.niger, and A. thaliana. The TV. sylvestris SPDS was expressed in SPDS-deficient E. coli, and showed clear SPDS activity, but not the enzyme activities of either spermine synthase or PMT. Rat SPDS has a high specificity for putrescine, and do not possess spermine synthase activity (Pegg et al. 1981) . Although SPDS and spermine synthase are generally believed to be different enzymes in plants (Flores et al. 1989 , Slocum 1991 , only in a partially purified maize enzyme preparation has it been previously demonstrated that plant SPDS does not possess spermine synthase activity (Hirasawa and Suzuki 1983) . Our present study clearly shows that these synthases are distinct enzymes in plants as well. High similarity of amino acid sequence between mammalian and plant SPDSs is consistent with their similar enzymatic function. Recent charac-Efc SEES Mn SEES H3 SEES Ns SETS Hi SEES1 Hi SEES2 At SEES Nt EMT ?--• DG P A A f e P J^I F H a T i F R E I C S U^C f t^D DG PAA9GPAAIREGiyiFR£ICSUffSQftI^5E^3 5 E ? « S I i^l E K i g F a 3 C S C y R ' 3 W V ' {^q i> P |^^5 Fig. 4 Alignment of SPDS and P M T amino acid sequences. Solid highlighting with white characters indicates identical amino acid residues in all eight proteins, while light gray-highlighted residues represent similarities. The amino acid residues that are identical in all SPDSs but different in PMT are indicated below the P M T sequence by asterisks, and the residues that are conserved in all SPDSs but not in P M T are shown by small circles. The proposed binding motifs for SAM (Posfai et al. 1989) terization of SPDS in crude alfalfa enzyme extracts showed that although alfalfa SPDS was highly specific for putrescine as the initial substrate, extended enzymatic reaction produced, besides spermidine, spermine and several uncommon polyamines (Bagga et al. 1997) . These authors postulated the existence of an enzyme complex to explain the formation of spermine and other minor polyamines. The availability of cloned SPDS cDNAs will facilitate the analysis of such a proposed enzyme complex, by using yeast interactive assays, for example. The molecular masses of N. sylvestris and H. niger SPDSs predicted from the cDNA sequences are in the range of 34 to 35 kDa, which is similar to the size of SPDSs from other organisms. Gel filtration analysis has previously indicated that maize SPDS (Hirasawa and Suzuki 1983) and Chinese cabbage SPDS (Yamanoha and Cohen 1985) have native molecular masses of 43 kDa and 81 kDa, respectively. This discrepancy may indicate that plant SPDS exists in vivo as a stable multienzyme complex, or that it is modified post-translationally. The absence of a discernible transit signal peptide within the predicted primary structures is consistent with the previously proposed subcellular localization of SPDS to the cytoplasm (Sindhu and Cohen 1984) . Polyamines have been localized to the vacuole, mitochondria and chloroplasts, especially the thylakoid membranes (Kumar et al. 1997) , and ADC was immunohistochemically localized to the thylakoid membrane (Borrell et al. 1995) . It will be possible, and necessary, to unequivocally determine the subcellular localization of SPDS by using antibodies raised against plant SPDSs overexpressed in E. coli.
Plant SPDSs are homologous in amino acid sequence to SPDSs of mammals and E. coli, but remarkably more similar to tobacco PMT (Fig. 2) . A phylogenetic tree generated from these SPDSs and tobacco PMT truncated at its N-terminal extension (Fig. 6) , suggests that, after plant and animal SPDSs diverged, PMT evolved from plant SPDS. Transformation of SPDS into PMT would require two major changes within the enzyme's active site: preferential binding of SAM in place of dcSAM, and rotation of the methyl moiety of SAM around the sulfur atom when bound to the active site (discussed in Hibi et al. 1994) . The 11 amino acid residues which are strictly conserved among all SPDS sequences, but which are different in the tobacco PMT sequence, are prime candidates that might have brought about such changes in co-factor binding. Indeed, four of the residues (Ilel72, Phel77, Metl79, and Tyrl82 in PMT) fall in one of the proposed SAM binding sites (Motif I; Posfai et al. 1989) , and Ilel72 in PMT, which may be located in close proximity to the terminal carboxyl oxygen of SAM (Schluckebier et al. 1995) , is altered to the negatively charged Asp in all known SPDSs. Site-directed mutagenesiss of these residues, and ultimately the threedimensional structures of SPDS and PMT will clarify the divergent evolution of this particular pair of enzymes.
SPDS activities were detected in Lathyrus sativus seedlings (Suresh and Adiga 1977) , maize seedlings (Hirasawa and Suzuki 1983) , and Chinese cabbage leaves (Sindhu and Cohen 1984) . In alfalfa, SPDS activity was high in meristematic shoot tip and floral bud tissues, but was low in older, nonmeristematic tissues (Bagga et al. 1997) , suggestive of a role for polyamines in cell division. Our RNA blot analysis (Fig. 4) showed that the SPDS gene is expressed in root, stem, and leaf of N. sylvestris, but a more detailed study, including in situ hybridization, is required to specify the particular cell-types for active spermidine synthesis.
In conclusion, cloned plant SPDS cDNAs will be invaluable for studying how spermidine is synthesized and how its synthesis is regulated in plants. Manipulation of spermidine levels in transgenic plants using these cDNAs will be expected to shed light on the hitherto elusive role of polyamines in plant development.
